Background: Time-series and case-crossover are two techniques that are widely used for assessing the short-term impact of ambient air pollution exposure on health. Materials and Methods: The generalized linear mixed model (GLMM) methodology is proposed here to study the association between ambient air pollution and health outcomes. Poisson random-effects models are applied to analyze the clustered counts, where the groups of days, determined by the triplet <day of week, month, year>, form the clusters. The proposed technique uses a nested structure for the clusters and allows random-effects for hierarchical factors. A random intercept in the models adjusts for different levels of counts among the clusters. A fixed slope represents a common response to the exposure. Results and Conclusions: The obtained results are consistent with those generated by a classical approach (for example the case-crossover technique). The GLMM technique is a valid alternative methodology for studying air health effects.
INTRODUCTION
The time-series and case-crossover designs are frequently used for assessing the association between exposure to ambient air pollution and numbers of health events over time. In the time-series design, a sequence of numbers of health events, values of pollutant concentrations and confounders are considered in the time scenario. In this approach, time-dependent confounders are controlled by modeling. Sophisticated analytical tools have been developed to better control for potential confounders and to adjust for seasonal trends in the data [1] . Thus seasonal cycles, secular trends and days of the week are incorporated and controlled in the constructed model.
The case-crossover design is an alternative to time-series analysis [2] . This method is essentially an adaptation of the case-control study where cases serve as their own controls.
The method is event driven. A subject's exposure to external factors at the time of the health event (case period) are compared with another time period when the subject was a non-case (control period). Matching of controls to case periods by day of the week adjusts for the influence of this important factor [3] . The purpose of this paper is to present an alternative to these methods. The presented technique is based on Poisson regression applied to clustered counts. In the time-series design days of the week are treated as factors and they are usually used in fitted models. In the case-crossover technique controls are matched to be on the same day of the week as the case. The method proposed here uses days of the week to construct clusters. A cluster contains four or five days of the same day of the week. The clusters are formed naturally based on a calendrical structure; days are nested in the same days of the week, which are nested in the same month, and the months are nested in the same year. Each month forms seven clusters. The hierarchical construction of the clusters allows the model to incorporate level specific random effects. The behavior of an individual is associated with this hierarchical structure and by consequence many health outcomes are cluster-dependent. Also some pollutants are related to the calendrical structure of the cluster hierarchy, mainly those generated by traffic and industry. The numbers of events, air pollution levels, temperature and other covariates have different values on the constructed clusters. All seasonal effects, trends and cycles observed along time are now broken and absorbed by the clusters. In this methodology, time is only applied to define clusters and to incorporate the nested structure. Each cluster has its own identity and exists independently from others. The idea behind this approach is to apply a generalized linear mixed-effects model to analyze clustered counts. The Poisson model is fitted with log as a link function. It is clear that some clusters have consistently higher outcomes than others. These differences are captured and controlled by including the random intercept option in the models. On the other hand it is assumed that the response (slope) to the pollutant is the same among the clusters. The constructed models use a fixed slope option to satisfy the assumption of a universal response.
MATERIALS AND METHODS

Data
Real data can be used to illustrate the behavior of the methods discussed here. In this example, the summarized numbers of daily emergency department (ED) visits, related to cardiac problems in a hospital in Vancouver, Canada, represent counts of health events. The period of study was from January 1999 to December 2002. During these 1461 days there were 5317 cases diagnosed and recorded as ED cardiac visits. The study population consists of people serviced by the emergency department. A 3-day lagged daily mean value of ground level ozone (O 3 ) is considered as the shared ambient air pollution exposure for this population. We have data for 1461 days and the following variables are used in the constructed models: daily counts of cardiac related problems visits, shared exposure, and calendar time (day, month, year).
Classical method
One of the classical methodologies is the case-crossover method. The main problem in the case-crossover design is to choose a schema to determine controls for a case. Recently, time-stratified referent selection strategy has been favored as a method to match controls to case. As already suggested, this version of the referent selection is localizable and ignorable, which are desirable properties of the case-crossover method [3] . The phreg procedure developed by the SAS Institute Inc. [4] was applied to fit the model. In this case only the pollutant is used on the right hand side of the model. Days of the week are applied as indicators to choose controls in the same month as cases.
Mixed-random effects model
The generalized linear mixed models (GLMMs) extend GLMs by allowing for random, or cluster-specific effects in the linear predictor. The inclusion of random effects in the linear predictor reflects the idea that there is natural heterogeneity across clusters in their regression coefficients. The likelihood related to a GLMM involves an integral, which cannot in general be calculated explicitly. Three different approaches are used to calculate this integral, which can be briefly identified as: Laplace approximation, penalized quasi likelihood (PQL) calculation, and Gauss-Hermite numerical quadrature. Diggle et al. [5] , and Molenberghs and Verbeke [6] are useful references for the full details on GLMMs. This new approach uses an implementation of this methodology. We used the R statistical package and its two functions; glmmPQL and lmer [7] . To enable the Gauss numerical quadrature approach to calculate the likelihood integral, the gllamm function [8] was also used. The gllamm function applies Gauss-Hermite quadrature with different options to control the number of points used in numerical integration. Two other functions, glmmPQL and lmer, were used with the PQL approach to calculate the integral. The lmer function has two other options, Laplace and adaptive Gauss The R syntax is case sensitive thus spelling of Poisson family is in small letters. The model has two parts: fixed and random. In the random part the nested structure of the clusters is expressed. A fixed slope and a random intercept option (the notation ~1) are declared in the model. We can also study a random slope with respect to hierarchical levels.
RESULTS
The data and results are presented in generic form; thus a risk estimation, pollutant details, and confounders are not provided. The models have been simplified to focus on the proposed methodology. By consequence, the pollutant is the only variable used as an independent variable. It should be clear that other covariates may be easily incorporated into the constructed models. In other statistical software, if necessary, natural cubic splines can be added as the smoother for chosen covariates. Results are reported in the form of the estimated slopes and their standard errors. Table 1 contains a summary of the results for 3-level nested clusters. The results from the case-crossover method and GLMMs are close, but not identical. The GLMM functions also provide estimation of variances of random effects. For example, the gllamm function estimated the following variances for random effects: 0.0145, 0.0045, and 0.0233 for days of the week, months and years, respectively. The regular Poisson model (calculated in STATA as: Poisson Cardiac O3L3) estimated the slope as 0.0061 (standard error = 0.0018). This model provided the value of log likelihood = -3078.6, and the gllamm function on 3-level clusters provided log likelihood = -3062.8. We have a statistically significant improvement in the fit by using the GLMM technique.
For illustrative purposes we used the same responses (all cardiac cases) and exposure to nitro dioxide (NO 2 ) and temperature in the current day. Table 2 shows the results. The obtained slope and its standard error may be used to estimate the relative risk for ED visits for cardiac problems related to nitrogen dioxide exposure. 
DISCUSSION AND CONCLUSIONS
The time-series and case-crossover designs are well established as methods to examine the association between exposure to ambient air pollution and health outcomes. Both methods are supported by a broad methodological literature. Many scientific papers have been published with results based on time-series and case-crossover techniques. The GLMM approach proposed here is a new technique in the sense of using it to examine the association between air pollution and health. The GLMM methodology is well documented and has been implemented for various pur- 
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poses. The results presented here show that this technique is also valid for use in the air pollution health effects domain.
